Nil-ductility transition temperature data for A302-B ferritic steel were analyzed by using m~l t i p l e regression. Four independent variables were used. These were specimen temperature during irradiation and time-integrated specific activations (activation fluences) of fast-, intermediate-, and thermal-neutron detectors. The results of these analyses were predictive equations having the increase in transition temperature as the dependent variable. For a reference point, a similar analysis was also performed using the flux integral above 1 MeV and the irradiation temperature as independent variables. Also, the effects of excluding irradiation temperature from these analyses w a s studied.
INTRODUCTION
Radiation damage and the development of correlations for predicting damage have been the subject of many investigations (refs. 1 to 6 are typical). The correlations generally are attempts at relating a change in the physical property of a material to time-integrated neutron flux above some selected energy, usually 1 MeV but frequently
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as low as 0 . 0 1 MeV. Those correlations which assume a threshold energy f o r damage a r e generally recognized to b e inadequate f o r many situations because of the assumptions made in deriving and using them. The energy distribution of neutrons is usually assumed to b e that of a fission spectrum; only neutrons above 1 MeV are assumed to contribute (and those equally) t o the damage production; and the observed damage i s assumed to depend only on the total exposure and not on the exposure rate (ref. 7) . first two assumptions a r e clearly not generally true, especially f o r fast r e a c t o r applications. cation.
(ref. lo), in which the damage is treated as a c r o s s section (damage function) which when multiplied by the neutron flux yields the damage in both integral and differential form. Damage function methods usually involve complex calculations (ref. 10) . They require knowledge of the neutron f l u x in some form (differential or integral above some selected energy) both for correlating data and f o r using these correlations t o predict damage. sections and in the spectrum determination and e r r o r propagation in the damage function generation.
The work discussed in this report c o r r e l a t e s damage with detector activations. In the discussion that follows, this method is shown to have s e v e r a l advantages f o r c o r r elating damage when compared with selected integral flux and damage function methods.
The
The third h a s some theoretical (ref. 
METHOD
The activation fluence method is essentially a regression analysis (ref. 11) of data to obtain a polynomial in s e v e r a l variables, their second powers, and their interactions.
The variables account for spectrum shape (fast, intermediate, and thermal) and the temperature at which the damage is produced.
In general, the polynomial is
The dependent variable Y is the predicted damage. The coefficients A are determined by using multiple linear regression and are b e s t least-s q u a r e s estimates assuming only
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that the experimental e r r o r E is normally distributed with a finite variance and a mean of zero. The X values are functions of the activation fluences for selected neutron detectors (Xl, X2, . . . , Xn-l) and temperature Xn.
Using multiple regression as a means to implement correlation gives an unambiguous and immediately useful model along with quantitative indications of the accuracy that can be expected when using this model. Also, statistical interpretations are possible which may aid in determining which variables a r e important so that more basic investigations can proceed on an efficient experimental basis.
The activation fluence for any detector is defined by
where T is the total irradiation time and the other symbols have their usual meanings. In practice, a set of detectors i s selected that will cover the complete range of neutron energy. When feasible, these detectors are irradiated with the irradiation specimen; and their activations a r e used to obtain the activation fluences. Detectors having long half-lives are preferable because they reflect the irradiation history more accurately.
TESTING THE METHOD
In order to test this correlation approach using actual data, a literature search w a s made for a consistent set of data. A data set w a s selected (refs. 12 and 13) that was consistently defined and that had accompanying calculated neutron spectra, These data represented a wide range of spectra and were taken in several different test reactors. The data and tabulated spectra along with several helpful comrients were provided by C. Z. Serpan of the Naval Research Laboratory, Washington, D. C.
The selected parameter of interest was the change in nil-ductility transition temperature ANDT for A302-B ferritic steel. Of the data examined, this parameter had by far the most data points.
Detectors were selected in an attempt to cover the complete range of neutron energies with minimal response overlap. Consideration w a s also given to availability, ease of counting, performance at high neutron flux levels, and expected accuracy of various detector materials.
C U~~(~, y)CuG4, responding from -0.4 eV to 0.2 MeV when cadmium-covered; 1 59 The detector set first selected w a s Co (n, y)Co60, responding from -0 to 6 eV; lIn a fission spectrum 90 percent of the activation that would occur in these detectors is contained within the energy limits shown.
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46 Np237(n, f)Nfp, responding from -0. 5 MeV to 5 MeV; and Ti from -3 . 5 MeV to 9 MeV.
Although copper is not an ideal detector because of its short half-life, it w a s felt to be adequate for purposes of demonstrating the method. Activation fluences were calculated for each detector in each flux spectrum. Whenever possible, for actual correlations using this method, the activation fluences would not be generated in this manner but would instead be determined from detector activities and would include the effects of irradiation history and half-life. It w a s necessary to calculate the activation fluences for this test of method because this particular set of detectors was not used with the existing data. It was felt that calculated activations would be adequate to test and demonstrate the method. Measured activations would, however, be better because they do not contain uncertainties in spectra and cross sections.
In anticipation of an irradiation temperature effect, temperature was carried as a separate entity. Thus, the variables used were the activation fluences and the temperature at which the specimens were irradiated.
(n, P ) S C~~, responding Four calculations were made to obtain data correlation by four different models: (1) A calculation (ref. 11) was performed using neutron fluence above 1 MeV (assuming a Watt fission spectrum) as the only independent variable. Although it is generally recognized that the flux above 1 MeV is not a reliable damage predictor, this model w a s selected as representative of the integral flux models. It was felt that the relative accuracy of this model compared to other models would be of interest. This calculation is referred to as calculation 1.
(2) Calculation 1 was rerun with temperature added as the second independent variable. The purpose of this calculation was to determine the effects of temperature when used with an arbitrarily selected model. This is called calculation 2.
independent variables. This calculation is designated calculation 3.
cept that temperature was dropped as an independent variable. This calculation is called calculation 4 and was performed to determine whether the temperature effect was independent of the selected model, that is, whether the effect would be about the same as it is for calculations 1 and 2.
This made it possible to compare results calculated by the activation fluence method with those results obtained by a different contemporary technique.
The data and values of the independent variables used in these calculations a r e shown in tables I and II. The flux correlations (calculations 1 and 2) did not incorporate any nonlinear transformations in the fitting procedure as did the activation fluence correlation (calculation 3). The nonlinear transformation (raising variables to the 1/4 power) was a numerical expedient that enabled the matrix inversion to be completed.
(3) A third calculation was run which used activation fluences and temperature as (4) The fourth calculation which w a s performed was the same as calculation 3 ex-
The damage function method of reference 10 w a s also used to infer damage values.
The transformation which makes the Xi values lie between 0 and 1.0 is linear and has no effect on R and S. When coupled with the 1/4 power transformation, it improves the matrix conditioning because the transformed values become more homogene- 
RES U LTS
In calculations 3 and 4, a high intercorrelation was found between the neptunium and titanium activities due to the spectral shapes being similar above 1 MeV for about 70 percent of the data. This resulted in difficulty in inverting the least-squares matrix. Since this problem was inherent in the data and because several attempts at transforming the basic independent variables to avoid excessive covariance proved unsatisfactory, the titanium activation w a s dropped and the neptunium w a s relied on to sense the complete fast energy range.
The least-squares analysis provides for sequential remodeling by dropping less significant terms from the equation and refitting until all terms retained a r e significant at some specified level of rejection (ref. 11). The rejection level selected for this study w a s 99 percent.
The parameters include
The accuracy parameters associated with calculations 1 to 4 a r e given in table III.
(1) R , the square of the multiple correlation coefficient, which is that fraction of 2 the total variance in the measured data that is accounted for by the regression equation mean of the independent variables (2) S, the standard e r r o r of estimate, that is, the standard deviation of fit at the When Fkalculated is higher than Fiabulated, the e r r o r is probably caused by lack of fit and not experimental error. When the reverse is true, the e r r o r is probably caused by experimental e r r o r rather than by the model selection. For a more detailed discussion of these statistical parameters, see reference 11.
The fitting coefficients are given for calculation 3 in table N. The following are two interpretations that may be made from the data of tables 111 and V:
(1) These calculations confirm a strong dependence of radiation damage in A302-B on the irradiation test temperatures (from 327 to 561 K). This is evident from the large increase in the multiple correlation coefficient when the temperature is added to calculation 1 (see calculation 2) or calculation 4 (see calculation 3).
(2) The activation fluence model (for this particular set of data which was assumed to be typical and adequate to evaluate relative accuracy) correlates the data much better than the integral flux (>1 MeV) method. The activation fluence method explains 93 percent (see R2 comparison) of the data variability and has the lowest standard e r r o r at the fitted points. The lower R for the integral flux (>1 MeV) method was expected.
damage annealing effect due to thermal neutrons. The other coefficients also could possibly be interpreted by using physical arguments. However, no attempt has been made to explain the polynomials from a mechanistic viewpoint since this study w a s intended more to illustrate a technique rather than to produce a usable correlation. The actual values of the independent variables might have been different from the values constructed using calculated fluxes and cross sections. Also, the data were not taken using an orthogonal experiment design; thus, the coefficients may be improved with judicious experiment planning. It is reasonable to assume, however, that the equations generated from this study will have similar accuracy if the independent variables are calculated as w a s done here for other ANDT (in A302-B) values of interest.
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The negative coefficient for thermal activation fluence (see table W ) suggests a
ISON OF ACTIVAT ON FLUENCE METHOD TO
It is interesting to note some of the similarities and differences between the activation fluence and damage function methods of reference 10. The activation fluence method 6 E-6493 is similar to the damage function approach of reference 10 in that both a r e fits of data to obtain weighting coefficients. For applications in which activations can be obtained experimentally, the activation fluence method has the advantage of not requiring any of the complex computer codes which must be used to obtain spectrum information for the damage function method. This tends to reduce the propagation and magnification of error. The regression analysis with the activation fluence method can be used with the minimum number of detectors required for accurate data correlation, whereas the damage function model requires detailed spectrum information in many energy groups. The regression analysis f i t permits treatment of irradiation temperature as an explicit independent variable, while the damage function approach of reference 10 assumes that the effects of temperature a r e constant over a temperature range of several hundred degrees. A fundamental difference between the regression analysis method and the damage function method of reference 10 is that the damage function method requires an additional separate correlation between damage and total neutron fluence in order to predict the damage that will occur due to an arbitrary spectrum and fluence. Regression analysis using a single correlation predicts damage within the limits of the data used to derive the coefficients. Finally, the activation fluence method allows explicitly for interaction effects between detectors and between detectors and temperature. This effect is implicit in the damage function method. The activation fluence polynomial can be solved for that total fluence required to produce a specified change in nil-ductility temperature by repkcing the time-integrated activations by the product of total fluence and fluence-weighted activation cross sections, provided that these cross sections a r e available or can be generated. The damage function method yields the required total fluence directly. The activation fluence method correlates these data as well as the damage function method (11. 5 K standard e r r o r for the activation fluence method compared to 12.6 K standard e r r o r for the damage function method). 
CONCLUSIONS AND RECOMMEN BATIONS
Based on the results of this study, it is concluded that the activation fluence method may be an accurate and relatively simple method for correlating radiation damage. Its disadvantage is that for data having high covariance, the aliasing of effects will prevent physical interpretation of individual coefficients. However, this does not hamper its predictive capability, which is the goal of a regression analysis of unplanned data.
It is also concluded that regression analysis provides an easy way to accommodate temperature as an additional variable. Finally, it is noteworthy that a three-energygroup spectrum description appears adequate for correlating A302-B nil-ductility data.
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This work in applying the activation fluence method points out the need for standardization of the method of determining the spectrum variable. While the number and choice of detectors will depend on the property and temperature range for the material being studied, a complete description of the dosimetry method will permit other investigators to use the data generated in exploring other methods of data correlation. The methods used at the Plum Brook Reactor Facility are described in part V of "Standard Guides to the Design of Experiments for the Plum Brook Reactor Facility. 1 1 With the activation fluence method, when detectors can be placed in-pile with the specimens, they may be left in-pile for the duration of the irradiation if long half-life detectors are selected exclusively. If some short half-life detectors are used, at least one long half-life detector should be used so that the detectors can be normalized to comply with the definition of activation fluence given in equation (2) bayax and aFin a r e the largest and smallest activation fluences (for the ith detector) that were generated from the data used in the regression analysis. The linear transformation from oi to Xf codes the data so that it will be between 0 and 1.0. 
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